1. Introduction
===============

Rare earth elements (REEs) have a total of 17 elements, including 15 lanthanide elements in the periodic table group IIIB, with atomic numbers ranging from 57 to 71. These are lanthanum (La), cerium (Ce), praseodymium (Pr), neodymium (Nd), samarium (Sm), promethium (Pm), europium (Eu), gadolinium (Gd), terbium (Tb), dysprosium (Dy), holmium (Ho), erbium (Er), thulium (Tm), ytterbium (Yb), lutetium (Lu), scandium (Sc), and yttrium (Y), having similar electronic structures and chemical properties. REEs have been widely used recently as superconducting materials, fluorescent materials, and clinical diagnostic tracers in high technology fields such as industry, national defense, and medical science because of their unique physical and chemical properties.^\[[@R1]\]^

The increase in residual REEs and pollution caused by them in the environment has led to REE enrichment in the human body through the food chain, causing harm.^\[[@R2]\]^ Recent and long-term potential impacts of REEs on human health have attracted much attention. Excessive amounts of REEs could cause acute and chronic toxicity and damage to the nervous and reproductive systems. Hua et al^\[[@R3]\]^ evaluated the acute toxic effects of lanthanum on liver injury and observed blood sinus dilatation, focal congestion, pyknosis, dissolution, vacuolar degeneration, and necrosis of the nucleus in the livers of the exposed group, indicating a damaging effect of REE on liver cells. Zhang et al^\[[@R4]\]^ evaluated the reproductive toxicity of Sm in testicular lesions of male ICR mice given a continuous oral administration of Sm nitrate for 90 days. They found that the testicular tissue and organ coefficients in the treatment group decreased with disordered cytoplasm and decreased testicular spermatogenic cells and testicular sperm, indicating that Sm targeted the testis. Furthermore, electron microscopy confirmed that the lesions of spermatogenic cells and sperms included mainly mitochondrial swelling, mitochondrial vacuolization, and unclear nuclear membrane. The apoptotic rate of spermatogenic cells was found to increase using the terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) assay and was related to the p53-mediated signaling pathway. Feng et al^\[[@R5]\]^ showed that lanthanum poisoning could lead to the imbalance of trace elements, enzymes, and neurotransmitter systems in the brain and impair learning ability in rats. Moreover, REEs could affect the normal functioning of neurons by causing intracellular calcium overload, oxidative damage, and abnormalities of AMPA receptor channel opening time and current, and changing calcium-related protease activities.^\[[@R6],[@R7]\]^

The Bayan Obo ore deposit in Baotou in the province of Inner Mongolia has a history of 55 years. It is a world-famous rare earth symbiotic deposit where 16 kinds of rare earth minerals have been found recently.^\[[@R8]\]^ The increase in the status of REEs in the world has led to an increase in the quantity of REEs produced in the Bayan Obo ore deposit area, making it a key pollution source and destruction area of ecological environment. Moreover, its environmental problems have attracted huge attention.

This study aimed to comprehensively evaluate the pollution of REEs in drinking water in the Bayan Obo ore deposit area and its influence on population health by determining the content of REEs in drinking water and urine in children in this area. It provided a scientific basis for revealing the pollution characteristics and pollution control in the Bayan Obo ore deposit area. We have previously reported the reference urinary values of REEs in children of the Bayan Obo ore deposit area^\[[@R9]\]^ and the urinary values of REEs in children of the urban Baotou area.^\[[@R10]\]^ The present study compared the 2 populations (children from mining vs. control area) and examined the drinking water as a potential source of contamination.

2. Methods
==========

2.1. Subject selection
----------------------

The Bayan Obo mining area is under the jurisdiction of Baotou city of the Inner Mongolia Autonomous Region, located in the north of Yinshan Mountain, and its geographic coordinates are east longitude 109°47' to 110°04' and north latitude 41°39' to 41°53'. It is 149 km north of Baotou, 95 km south of the Sino Mongolian border, and 42 km west of Bailingmiao, where the Damao County Government is located, and has an area of 328.64 km^2^. Two primary schools in the Bayan Obo mining area in Inner Mongolia and 2 primary schools that were far away from the 2 pollution centers (Baotou tailings dam and Bayan Obo mining area) in Baotou city were selected by simple random sampling method (lottery) from June to July 2015. Children aged 6 to 13 years, with an equal number of boys and girls, were randomly selected from each grade in each school. The inclusion criteria of the subjects were as follows: students had urine samples and complete information, lived as local residents for more than 1 year, were aged 6 to 13 years, had no abnormalities in recent routine physical examination or obvious liver or kidney disease, and had creatinine concentration in the normal range (0.3--3.0 g/L). A total of 128 students based on the aforementioned inclusion criteria were selected as the exposed group, and a total of 125 students from the non-polluted area were selected as the control group. No significant difference was found between the 2 groups regarding cultural level, age composition, gender composition, and living habits.

The study was approved by the ethics committee of Baotou Medical College of Inner Mongolia University of Science and Technology. The researchers explained the purpose of this study to the subjects and obtained guardians' consent.

2.2. Data collection
--------------------

The investigators explained the objective of the study to the guardians of the children and obtained their informed consent. Then, the investigators instructed the guardian to complete the survey (face to face) and checked the completeness of the response. For subjects who could not provide key information regarding the general characteristics for any reason, water and urine samples were not collected. In this study, all approached guardians agreed to participate. The effective response rate (i.e., responses usable for statistical analysis) was 92.7%. The response of the survey was recorded into digital format by two independent investigators and the consistency was checked.

2.3. Equipment and reagents
---------------------------

A TCHS-RO/40A pure water machine was purchased from Hangzhou Tianchuang Water Purification Equipment Co., Ltd, and a NexION 300Q inductively coupled plasma mass spectrometer was purchased from Perkin Elmer/Sciex. The inductively coupled plasma mass spectrometry (ICP-MS) operation parameters were set as follows: 1100 W of radiofrequency (RF) power, 17 L/min of plasma gas flow rate, 1.2 L/min of auxiliary gas flow (Ar), 0.80 L/min of atomized gas flow (Ar), 1 × 10^−7^ torr of vacuum degree, 1.1 mm of aperture diameter of nickel sampling cone, 0.9 mm of aperture diameter of nickel intercept cone, (0.70 ± 0.1) amu of resolution (10% peak height), peak skip as measuring mode, 1 as the measuring point/peak, 10 times of scan number, 50 ms/time of the residence time, 2 times of the repeat number, and 1.2 mL/min of sample lifting amount. The instrument had a grounding resistance of \< 4 Ω, an ambient temperature of 25°C ± 5°C, and a relative humidity of 20% to 80% (see Table [1](#T1){ref-type="table"} for details).
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ICP-MS operation parameters.
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Cesium internal standard reserve solution (1000 μg/mL; National Research Center for Certified Reference Materials) and single standard reserve solutions of Sc, La, Ce, Pr, Nd, Sm, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y (1000 μg/mL; National Research Center for Certified Reference Materials) were used. All reagents were guaranteed reagents (gr). Mixed standard reserve solution was prepared as follows: 1.00 mL of single standard reserve solutions of Sc, La, Ce, Pr, Nd, Sm, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y were put into a 1000-mL volumetric flask and diluted to the scale with 1% HNO~3~. Furthermore, 1 mL of this solution contained 1.00 μg of Sc, La, Ce, Pr, Nd, Sm, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y.

2.4. Collection and determination of urine samples
--------------------------------------------------

Early morning urine samples (100 mL) of the subjects were collected and preserved at −20 °C. The concentration of creatinine was measured using a T6 UV-Vis spectrophotometer (Beijing Purkinje General Instrument Co. Ltd.). A NexION 300Q ICP-MS was used to determine the concentration of Sc, La, Ce, Pr, Nd, Sm, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y in urine. The detection limits, recovery rates, and RSD of this method are shown in Table [2](#T2){ref-type="table"}. The results were corrected using creatinine.
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Multielementary analytical validation (ng/mL).
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2.5. Water sampling and determination
-------------------------------------

Water samples were collected and preserved from 144 sampling points of drinking water for children in the mining area according to the methods described in GB/T 5750.2--2006 "Standard Test Method for Drinking Water-Collection and Preservation of Water Samples." Transportation blank and laboratory operation blank were prepared in parallel. Under the optimized experimental conditions, the absorbance of mixed standard series solution was measured using ICP-MS, and the standard curve was drawn. The contents of REEs in water, transportation blank, and parallel operation blank were determined under the same determination condition of standard solution.

2.6. Statistical analysis
-------------------------

Statistical analysis was performed using SPSS 19.0 statistics software (IBM). Categorical data were expressed as number and percentage and compared using the chi-square test or Fisher exact test, as appropriate. For continuous data, the *Z* test was used for the normality test. The total amount of REEs by daily intake of drinking water and the content of REEs in urine in children in the Bayan Obo mining area were expressed as means ± standard deviation. The rank-sum test was used for comparing between different regions and genders (2 independent-samples *t* test was used for the contents of REEs in urine, which were in logarithmic normal distribution; rank-sum test was used for the contents of REEs in drinking water; the data under the detection limit were uniformly calculated using half of the detection limit). A *P* value \<.05 was considered as the statistically significant difference.

3. Results
==========

3.1. General characteristics of the study subjects
--------------------------------------------------

Table [3](#T3){ref-type="table"} presents the general characteristics of the subjects. There were no differences between the 2 groups regarding age, education level, and gender. Compared with the control group, the exposed group presented higher frequencies of exposure to REEs in the residential environment (P \< .001), drinking tap water (P \< .001), parents working in REE factories (P \< .001), and mothers exposed to REEs during pregnancy (P = .001).
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Baseline characteristics of the subjects selected based on the aforementioned inclusion criteria (n = 253).
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3.2. Determination of REEs in urine
-----------------------------------

The detection rates of REEs, including Y, La, Ce, Pr, and Nd, in the urine of children in the exposed group in the mining area were all 100%. The detection rate of Sm was 98%, while that of Sc, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu were all 0%. The detection rates of REEs, Y, La and Ce, Pr and Nd, and Sm were 85.7%, 100%, 98%, and 59.2%, respectively, in the urine of children in the control group, while that of Sc, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu were all 0%. The concentrations of Y, La, Ce, Pr, Nd, and Sm in the urine of the exposed group were all higher than that in the control group, and the difference was statistically significant (*P* \< .01) (Table [4](#T4){ref-type="table"}). The constituent ratios of REEs in the urine of children of the exposed and control groups are shown in Figure [1](#F1){ref-type="fig"}. Figure [1](#F1){ref-type="fig"}A shows that the contents of REEs in the urine of children of the exposed group were mainly La 44%, Ce 30%, Pr 7%, Nd 14%, Sm 3%, and Y 2%. These components accounted for nearly 100% of the total REEs, and the remaining elements accounted for only 0.42%. Figure [1](#F1){ref-type="fig"}B shows that the contents of REEs in the urine of children of the control group were La 21%, Ce 33%, Pr 10%, Nd 17%, Sm 2%, and Y 4%, while the proportion of other elements was as high as 13%.
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Urinary REE levels in children of the exposed and control groups (μg/g cr, *n* = 253).
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![Constituent ratio of the exposed children (A) and control subjects (B).](medi-97-e12717-g005){#F1}

3.3. Determination of REEs in drinking water
--------------------------------------------

The detection rates of REEs were 1.44% and 0.72% for La and Ce, respectively, and that of Sc, Pr, Nd, Sm, Pm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, and Y in drinking water of children in the exposed group in the mining area were all 0%. The detection rates of all REEs in the control group were all 0%. The results of REE determination in drinking water showed no statistical difference between the 2 groups, and did not exceed the safe doses (Table [5](#T5){ref-type="table"}).
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Drinking water REE levels in children of the exposed and control groups (ng/mL cr, *n* = 269).
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4. Discussion
=============

In this study, the contents of 17 REEs in urine and drinking water of children in the Bayan Obo mining area and control area were determined using ICP-MS. The concentrations of Y, La, Ce, Pr, Nd, and Sm in the urine of children of the exposed group were significantly higher than that in the control group. The proportion of REEs in the urine of the exposed and control groups was significantly different. The content of La in the urine of children of the exposed group (44%) was significantly higher than that in the control group (21%). In addition, the content of Sm in the exposed group (3%) was higher compared with that in the control group (2%), whereas the content of Ce, Pr, Nd, and Y in the exposed group was lower compared with that in the control group.

Recently, many reports on the acute and chronic toxicity of La, Ce, and Nd have been published. For example, Wang et al^\[[@R11]\]^ treated mice with lanthanum nitrate via feeding water for 1 month, and observed accumulation of lanthanum in the body. The content of lanthanum in the liver of poisoned mice increased. In addition, the micronucleus rate of liver cells significantly increased and was proportional to the concentration of lanthanum nitrate solution. Moreover, in vitro tests showed that lanthanum nitrate could cut off the DNA strand and cause genetic damage. Cheng et al^\[[@R12]\]^ demonstrated that mice continuously exposed to Ce chloride for 90 days showed cell apoptosis, oxidative stress, and space memory impairment in the hippocampus, and altered expression profiles of immune- and inflammatory response--related genes. Kumari et al^\[[@R13]\]^ found that high-dose Ce oxide nanoparticles could induce DNA damage in peripheral blood leukocytes and micronuclei changes in hepatocytes, blood cells, and bone marrow cells. The activity of lactate dehydrogenase and the content of glutathione in the liver, kidney, and brain significantly changed. Kim et al^\[[@R14]\]^ exposed male rats to nanoparticles of neodymium oxide for 28 days and found maximum neodymium deposition in lung tissues, inflammatory cell infiltration in the lung, and protein deposition in the alveoli, indicating the potential inhalation toxicity of neodymium oxide. On the other hand, studies on the toxicity of Y, Pr, and Sm were scarce. Y is a heavy rare earth element widely used in industry, medical treatments, and agriculture. In China, relatively high levels of yttrium-contaminated food were detected.^\[[@R15]\]^ Therefore, long-term consumption of Y-contaminated food have a potential impact on human health and deserve more attention. Wang et al^\[[@R16]\]^ found that exposure to excessive amounts of yttrium chloride resulted in bronchogenic lung granulomas. Moreover, Zhang et al^\[[@R4]\]^ observed decreased testis organ coefficient, disordered cytoplasm, and increased apoptosis of spermatogenic cells and sperms in male ICR mice after oral administration of samarium nitrate for 90 days. Cell lesions included mainly mitochondrial swelling, mitochondrial vacuolation, unclear nuclear membrane, and so forth. Therefore, future studies should focus more on the health hazards of excessive exposure to REEs such as Y, Pr, and Sm.

A cross-sectional study by Hao et al^\[[@R17]\]^ in 2015 determined the REEs in the urine of adult population who were non-mining occupation--exposed permanent residents in the Bayan Obo mining area. The study found that the average content of REEs with relatively high components in their urine was as follows: La 0.101, Ce 0.138, Pr 0.039, Nd 0.181, Sm 0.044, and Y 0.092 μg/g cr. The average content of REEs in the urine of resident children in the mining area was as follows: La 46.505, Ce 30.981, Pr 7.259, Nd 14.541, Sm 2.6284, and Y 2.482 μg/g cr, which was much higher than the findings of the study by Hao. This discrepancy might be related to the age of the subjects. Animal experiments showed that the amount of REEs absorbed by young animals through the gastrointestinal tract was significantly higher compared with that by adult animals, suggesting that juvenile animals might be more sensitive to the action of REEs.^\[[@R18]\]^ Moreover, the present study found that the 3 REEs with the relatively high constituent ratio in the urine of the exposed group in mining area were La \> Ce \> Nd. However, a previous study found it to be Ce \> La \> Nd. The reasons for the inconsistency might be different sample size and sampling error.

Recently, the mode of entry of REES into the human body in an ion adsorption--type rare earth mining area in the south of China was mainly discussed.^\[[@R19]\]^ The mining area with complex deposit type, such as Bayan Obo, was not a major concern. Because of the different types of deposits, the existence of REEs was different, leading to the absorption of REEs through the environment. In addition, the mode of entry of REES into the human body and risk factors were different. The experimental data showed that the contents of lanthanum, Ce, ND, Pr, Sm, and Y in the urine of children in the exposed group in the Bayan Obo mining area were all higher than those in the control area. REEs could enter the human body through soil, atmosphere, water, food, and other routes, and these factors might be the risk factors for rare earth exposure in children.

This study, through the field investigation of Bayan Obo mining area, found that the local soil was not suitable for planting crops. The local population feeds mainly on food supplied from other districts of Baotou, but the drinking water sources are located in the vicinity of the Bayan Obo mining area, and the main drinking water source of the residents is groundwater. Drinking water might be 1 of the rare element exposure pathways in this area. Therefore, this study discussed mainly the health effects of drinking water exposure on the children in the mining area. It provided the theoretical and scientific bases for the health protection of children in the mining area and the safety evaluation of REEs. Nevertheless, no significant difference was found between the 2 groups in the determination of REEs in drinking water. The study could not conclude that exposure to REEs in drinking water was a risk to the health of local children.

This study had some limitations. As the residential area was in the downwind direction of the Bayan Obo mining area, the rare earth element dust in the air of the mining area flowed with the predominant wind to the residential area and fell into the soil of the area. It furthermore entered the daily diet and caused accumulation of REEs in children of that area. Nevertheless, only the content of REEs in drinking water of children in the exposed and control groups was determined and compared in this study. Therefore, the contents of REEs in soil and air should also be measured in future studies to determine the main possible sources of pollution. Moreover, rational planning of residential and mining areas according to the predominant wind direction might greatly reduce the level of rare earth exposure of the residents in the mining area. Selection biases could be present since only healthy children with normal creatinine levels were recruited. In addition, children with legal guardians who could not provide complete information were excluded. Of course, rare earth elements are present in very small amounts and any deviation from the technical study guidelines could result in measurement imprecision.

The results showed that the pollution of REEs such as Y, La, Ce, Pr, Nd, and Sm might affect the health of children in the Bayan Obo mining area, but it could not be concluded that drinking water was the cause.

Author contributions
====================

**Investigation:** Qingqing Liang, Haijing Yin, Jianting Li, Liping Zhang, Ruili Hou, Suhua Wang.

**Methodology:** Qingqing Liang, Haijing Yin, Jianting Li, Ruili Hou, Suhua Wang.

**Project administration:** Qingqing Liang.

**Resources:** Qingqing Liang, Suhua Wang.

**Supervision:** Qingqing Liang.

**Validation:** Qingqing Liang, Suhua Wang.

**Visualization:** Qingqing Liang.

**Writing -- original draft:** Qingqing Liang, Haijing Yin, Jianting Li, Liping Zhang, Ruili Hou, Suhua Wang.

**Writing -- review & editing:** Qingqing Liang, Haijing Yin, Jianting Li, Liping Zhang, Ruili Hou, Suhua Wang.

Abbreviations: Ce = cerium, Dy = dysprosium, Er = erbium, Eu = europium, Gd = gadolinium, Ho = holmium, ICP-MS = inductively coupled plasma mass spectrometry, La = lanthanum, Lu = lutetium, Nd = neodymium, Pm = promethium, Pr = praseodymium, REEs = rare earth elements, RF = radiofrequency, Sc = scandium, Sm = samarium, Tb = terbium, Tm = thulium, Y = yttrium, Yb = ytterbium.

This study was supported by the National Science Foundation of China (No. 81860575), the Natural science fund project in Inner Mongolia autonomous region (no: 2017MS(LH)0810), the Science research project of higher education in Inner Mongolia autonomous region (no: NJZY208), the Medical science and technology plan in Baotou(no: Wsjj2013061) and Scientific research funding of Baotou Medical College(no: BYJJ-QM201640 and no: BYJJ-DF201702)

The authors have no conflicts of interest to disclose.
